A large pilot-scale membrane bioreactor (MBR) with a conventional denitrification/nitrification scheme for municipal wastewater treatment has been run for one year under two different aeration strategies in the oxidation/nitrification compartment. During the first five months air supply was provided according to the dissolved-oxygen set-point and the system run as a conventional predenitrification MBR; then, an intermittent aeration strategy based on effluent ammonia nitrogen was adopted in the aerobic compartment in order to assess the impact on process performances in terms of N and P removal, energy consumption and sludge reduction. The experimental inferences show a significant improvement of the effluent quality as COD and total nitrogen, both due to a better utilization of the denitrification potential which is a function of the available electron donor (biodegradable COD) and electron acceptor (nitric nitrogen); particularly, nitrogen removal increased from 67% to 75%. At the same time, a more effective biological phosphorus removal was observed as a consequence of better selection of denitrifying phosphorus accumulating organisms (dPAO). The longer duration of anoxic phases also reflected in a lower excess sludge production (12% decrease) compared with the standard pre-denitrification operation and in a decrease of energy consumption for oxygen supply (about 50%).
INTRODUCTION
Membrane Biological Reactors (MBRs) certainly represents one of most important innovations in wastewater engineering over last two decades. Since the introduction of immersed membranes, sludge clarification by means of microfiltration/ultrafiltration membranes has lead to significant advantages compared with conventional activated sludge processes, such as improved effluent quality (often suitable for wastewater reuse), volume and footprint compactness, reduced sludge production. Nowadays, with thousands full scale installations worldwide in a large range of capability, the MBR technology has been proven to be a reliable alternative when lack of space and/or wastewater reuse are top-priority issues in upgrading/retrofitting existing wastewater treatment plants (Wenbo et al. ; Huisjes et al. ) . On the other hand, inferences from MBR scientists and practitioners suggest membrane fouling and energy consumption to be the two most important issues in the MBR process optimization (inter alia Yoon et al. ; Le-Clech et al. ). Both aspects are strictly related to each other, since membrane aeration scouring accounts for almost 50-60% of operational energy costs (Verrecht et al. ) and air supply for membrane cleaning currently is a highly addressed issue in improving/optimizing module design (Buetehorn et al. ; Pollet et al. ) . Indeed, other cost items play a relevant role in the operational expenditures of membrane bioreactors, the oxygen need for biological process being of the most relevant. Converting the oxygen requirement (which is a function of influent loading, sludge age, active respiration, endogenous respiration and nitrification/denitrification) into air flowrate (i.e. blowers-related installed power) depends on some design assumptions among which the alpha-factor plays a relevant role. Although partially controversial inferences are reported in literature (Gunder & Krauth ; Cornel et al. ) , the increase of MLSS concentration in MBRs is reported to play a detrimental role on the oxygen transfer. Therefore, an increase in the MBR application of both simultaneous nitrification/denitrification at low dissolved oxygen and intermittent aeration processes has taken place in last years, due to the higher flexibility in process operation and the possible cost savings in aeration energy (inter alia Most experimental works rely on the application of either a timebased or an ORP-based strategy for the control of aeration/ non-aeration phases; however, these approaches only offer an indirect control of effluent nitrogen which is the ultimate target to be achieved. The paper presents results of a comparative evaluation between a standard pre-denitrification process and an intermittent aeration process, on a large pilot scale membrane bioreactors equipped with a hollow fiber membrane, which was run for over two years. Outcomes in terms of nitrogen removal, phosphorus removal, sludge production, energy consumption and filtration performances are presented and discussed.
MATERIALS AND METHODS

Experimental setup
Pilot unit. The large pilot-scale MBR is located at the municipal wastewater treatment plant of Lavis (Trento, Italy) and consists in an anoxic compartment (4.7 m 3 ), an aerobic compartment for carbon oxidation and nitrification (8.7 m 3 ), a filtration tank (1.5 m 3 ) in which a hollow fibre membrane is immersed (GE Zenon ZW500d ® ; ∼100 m 2 , nominal pores size: 0.04 μm). Influent feedwater is pumped to the anoxic compartment from the grit chamber for oil and sands removal, once pre-screeened in a rotating drum fine screening (2 mm). As shown in the flow diagram of Figure 1 , the mixed liquor flows from the denitrification tank to the aerobic tank and is then pumped to the membrane tank; all hydraulic parameters (suction pressure, water levels, permeate flowrate) are monitored and data collected every 30 s by means of a Siemens S7 PLC-SCADA every 30-s. On-line measurement of dissolved oxygen (Hach-Lange LDO ® ), mixed liquor suspended solids (MLSS) in aerobic and membrane tank (Hach-Lange Solitax ® ), effluent ammonia nitrogen (WTW ion selective probe with potassium compensation) and effluent nitrate (Hach-Lange Nitratax ® ) were also monitored. A weekly calibration was performed for the ammonia nitrogen probe, while a monthly check was used for the nitrate probe.
Operational conditions. Concerning oxygen supply to the biological process tank, two different operational periods are considered in the paper. The default aeration strategy in the aerobic compartment consists in switching on and off the blower according to the dissolved oxygen set-point defined by the user, which was kept at 1.5 g O 2 m À3 ; a dedicated frequency converter tune the air flowrate according to PID cycle set by the user. This approach was used over the socalled period 1 (January-May 2008). Since June 2008 and until December 2008, a different aeration strategy was implemented in the aerobic compartment, according to which the blower is switched on when effluent ammonia reaches 3 g N m À3 (high set-point) and switched off when it drops down to 2 g m À3 (low set-point); under such operating conditions no control of dissolved oxygen was adopted. The choice of the high and low set-point values for ammonia nitrogen is based on the local regulations for the Trento region, which set a maximum threshold of 3 g NH 4 -N m À3 when influent temperature is higher than 15 W C. During both period 1 and period 2, influent wastewater was collected as 24-h grab samples twice a week and the value of most important macro-pollutants are reported in Table 1 . Influent COD fractionation was periodically carried out on 24-h samples stored at 4 W C, according to respiro- the tests revealed a readily biodegradable COD fraction ranging between 15 and 22% of total COD, whereas the particulate biodegradable COD was generally in the range 45-60%; inert COD was mostly around 20-30%, the particulate fraction being 15-20% of total COD and the soluble fraction being 5-8% of total influent COD. Over the whole experimental activity, MLSS in the biotank was kept at ∼7.5-8 kg MLSS m À3 , by means of daily sludge wasting; this resulted in a sludge age of approximately 20 days during period 1 and 23 days during period 2. Due to the recirculation ratio of about 2.5-3.5 from the membrane compartment to the anoxic one, the concentration in the membrane tank was typically around 10-11 kg MLSS m À3 . During both period 1 and period 2 the membrane was operated under sub-critical flux conditions, the normalized permeate flux J 20 ranging between 12 and 20 L m À2 h À1 . Aeration for membrane cleaning was supplied continuously at a specific aeration demand per unit of membrane (SAD m ) value of 0.5 Nm 3 m À2 h À1 .
RESULTS AND DISCUSSION
Removal efficiencies for COD, nitrogen and phosphorus
Typical trends of ammonia nitrogen, nitrate and dissolved oxygen concentration during DO-set-point based aeration and intermittent aeration are provided in Figure 2 . The overall performances in terms of effluent quality during the two experimental periods is shown in Table 2 (24-h samples collected twice a week).
A complete nitrification was steadily achieved with no nitrite accumulation in the system during both period 1 and period 2. A higher denitrification efficiency was observed during period 2, as a consequence of the longer duration of the anoxic phase, which allows for a more effective utilization of the denitrification potential of the system. This also lead to a more complete utilization of the electron donor (biodegradable carbon), thus giving a higher removal efficiency of COD (91.5% for period 1 and 95.9% for period 2); consequently, the removal efficiency of total nitrogen increased from 67.3 to 74.2%. Interestingly, a better biological phosphorus removal was achieved during period 2, mainly due to the creation of more favourable conditions for PAOs (Phosphorus Accumulating Organisms) in the anoxic compartment which cyclically go under anaerobic conditions. This is clearly highlighted by carrying out a steady state mass balance on phosphorus, according to the following equation: where Q in , Q out and Q w are the influent, effluent and surplus sludge flowrates respectively (m 3 d À1 ), TP in and TP out are the concentrations of total phosphorus in influent and effluent streams and f P is the specific phosphorus content per unit of VSS in the wasted sludge (g P g VSS À1 ). By using the experimental and operational data, an increase of 20% of the parameter f P can be calculated over the period 2 compared to the period 1 (0.06 g P g VSS À1 versus 0.05 g P g VSS À1 ), which would indicate a higher propensity to bio-P removal for biomass under cyclic aerobic/anoxic conditions. This is in fair agreement with other experimental observations reported by 
Sludge production
The longer duration of denitrification which was extended to the whole biological process volume resulted in a lower growth rate for heterotrophic biomass, as modeled by the ASMs developed by the International Water Association. In terms of observed yield coefficient a 12.6% reduction was reported from the period 1 (daily sludge production: 3.97 kg MLSS d À1 and specific sludge production of 0.34 kg MLSS kg COD rem À1 ) to the period 2 (4.54 kg MLSS d À1 ; 0.29 kg MLSS kg COD rem À1 ). Although a higher daily production was observed, the specific excess sludge production decreased as a consequence of the more performing removal efficiency of biodegradable COD, which is also confirmed by the effluent data (see Table 2 ).
Energy consumption
No direct measurement of absorbed energy was available on site; however, a duration of the switch-on and switchoff periods was possible by interpreting the data collected by the on-line thermal flowmeter along the air supply pipeline of the aerobic compartment (data collection frequency: 30 s). Compared to the period 1, during which aeration was steadily on at variable frequency depending on the oxygen need, extended non-aeration phases were reported in period 2, resulting in a switching-off phase of about 50%, which then reflects in a similar energy saving for biological process aeration.
Filtration performances
Sludge properties in terms of filterability (as specific resistance to filtration), dewaterability (as CST) and settleability (as DSVI) have been reported in Guglielmi et al. () ; according to these parameters, no clear effect of the aeration conditions in the biotank was observed on the sludge. However, a slight increase of soluble TOC was observed during period 2, which partially reflected in a less stable permeability profile (see Figure 3 ). Indeed, even under the sub-critical flux operation (J 20 being between 12 and 20 L m À2 h À1 ), the membrane seemed to be more prone to permeability collapse during period 2, probably because of the fouling effect of soluble components released during the longer anoxic phases. 
CONCLUSIONS
An effective process optimization for nutrient removal was investigated on a large pilot-scale MBR for municipal wastewater treatment. Compared with the conventional predenitrification scheme, the alternation of aerobic and anoxic phases in the oxidation/nitrification compartment improved the flexibility of the system, resulting in higher efficiencies for nitrogen and COD removal. Moreover, a slight decrease of sludge production due to the reduction factor on heterotrophic growth kinetics was observed. Almost 50% of energy consumption due to bioprocess aeration was saved by adopting the intermittent aeration process; however, in order to further reduce energy consumption in membrane bioreactors, an integrated approach to aeration optimization should be developed considering both membrane aeration and nitrification/denitrification and mixed liquor recirculation. Although no influence of the intermittent aeration was reported in terms of capillary suction time and sludge filterability, a generally lower permeability was observed when the ammonia set-point strategy was adopted; however, further investigations are needed to assess the actual impact of this approach on the membrane cleaning frequency.
